1. Introduction {#sec1}
===============

Oxidative stress is defined as an imbalance between the production of free radicals and reactive metabolites, known as oxidants or reactive oxygen species (ROS), and their elimination by protective molecules, referred to as antioxidants.^[@ref1]^ This imbalance leads to damage to important biomolecules in cells, which may affect the whole organism.^[@ref2]^ In addition, oxidative stress has been implicated in the pathogenesis of various disorders, such as chronic diseases, atherosclerosis, neurodegenerative diseases, inflammatory diseases, and aging.^[@ref3]^ Therefore, the roles of molecules with antioxidant activity that promote healthy aging and counteract oxidative stress require investigation.^[@ref4]^

Carotenoids, which are among the most representative antioxidants, play important roles in controlling the oxidative process. These molecules, possessing long-conjugated double bonds, named as polyene chains, which exert antioxidant activities by quenching singlet oxygen and scavenging radicals.^[@ref5]^ Particularly, astaxanthin, nonesterified (Ast-N; 3,3′-dihydroxy-β-β′-carotene-4,4′-dione) or esterified (Ast-E), is a red dietary carotenoid present in various microorganisms such as bacteria, yeast, fungi, and microalgae. Astaxanthin has stronger antioxidant activity than various other carotenoids such as lutein, lycopene, α-carotene, and β-carotene.^[@ref6],[@ref7]^ Moreover, it can protect the skin from injury induced by radiation, chemicals, or toxins; decelerate age-related macular degeneration; and improve immune system function.^[@ref8]^ Thus, it has been widely used in various fields, including those regarding foods, dietary supplements, pharmaceuticals, and cosmetics.^[@ref9],[@ref10]^ The key to these beneficial functions of astaxanthin is its unique molecular structure, which contains hydroxyl and keto moieties on each ionone ring.^[@ref11]^

In recent years, researchers have investigated astaxanthin to further improve its antioxidant activities. One study focused on the stereoisomers. Synthetic astaxanthin, which is a racemic mixture of the three isomers (3*S*,3′*S*), (3*R*,3′*R*), and (3*R*,3′*S*), was prepared from petrochemicals, and after the chromatographic separation of each isomer, its antioxidant activities were compared. The accumulation levels of ROS were reduced by 40.12, 30.05, and 22.04% in the presence of the (3*S*,3′*S*), (3*R*,3′*R*), and (3*R*,3′*S*) isomers, respectively.^[@ref12]−[@ref14]^ Furthermore, there is a study that investigated the effect of solubility and/or dispersibility of astaxanthin onto its antioxidant activities. In this work, the authors prepared the disodium disuccinate derivatives of synthetic astaxanthin and found that this derivative exhibited increased scavenging efficiency over equimolar concentrations of Ast-N.^[@ref15],[@ref16]^ Other researchers investigated the effect of esterification on the antioxidant activities of astaxanthin, considering the fact that astaxanthin exists in either nonesterified (yeast) or esterified (algae) forms in nature.^[@ref17]^ However, the relative antioxidant capacities of Ast-N, monoesterified (Ast-mE), and diesterified astaxanthin (Ast-dE) remain controversial. Some studies reported stronger antioxidant activity for Ast-N,^[@ref18],[@ref19]^ whereas others indicated that Ast-E (Ast-mE or Ast-dE) is more efficient than Ast-N.^[@ref20],[@ref21]^ Therefore, an in-depth investigation of the antioxidant activities depending on the degree of esterification of astaxanthin is required. In this study, we used *Haematococcus pluvialis* (*H. pluvialis*) microalgae, which mainly contains Ast-E with different fatty acids.^[@ref22]^*H. pluvialis* is a good source of *trans*-astaxanthin acyl esters, and it is widely used for astaxanthin products in the industrial perspective because it accumulates the highest levels of astaxanthin in nature.^[@ref23]^ Natural extract in *H. pluvialis* was obtained by supercritical fluid extraction (sample 1). The Ast-E in the extract was converted to Ast-N through transesterification (sample 2), which was subsequently esterified to Ast-mE and Ast-dE (sample 3).^[@ref24]^ After characterizing the samples containing three forms of astaxanthin at different ratios by spectrophotometry and HPLC, their antioxidant activities as well as anti-inflammatory activities were evaluated.^[@ref25]−[@ref27]^ In addition, the expression of genes closely related to antioxidant and anti-inflammatory activities were analyzed to investigate the mechanism of the enhanced bioactivities of astaxanthin.^[@ref28]^

2. Results and Discussion {#sec2}
=========================

2.1. Chemical Transformation of Esterified Astaxanthin in *H. pluvialis* {#sec2.1}
------------------------------------------------------------------------

For astaxanthin esters (Ast-E) including Ast-mE and Ast-dE in natural extract from *H. pluvialis* (sample 1), fatty acids with carbon chains of different length are conjugated to Ast-N through an ester bond. The sample 1 was first converted to Ast-N by removing the fatty acids by transesterification using dehydrated, basic methanol (step 1 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Notably, saponification (hydrolysis) can be used to prepare Ast-N, but a carboxylate anion (R~1~COO^--^) after the saponification reaction can be produced, which can react to Ast-N in the subsequent esterification reaction, making it difficult to prepare Ast-E with fatty acids of specific lengths (decanoic acid in this work, step 2 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). In contrast, the transesterification used in this study generates Ast-N in addition to the fatty acid methyl ester (sample 2) so that the added decanoic acid only reacted with the hydroxyl group of Ast-N in the subsequent Steglich esterification reaction (step 2 in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref29]^ Furthermore, the transesterification that occurs in the absence of water minimizes formation of astacene; one of by-products that can be generated during saponification.^[@ref30]^ As a result, Ast-E with a fatty acid chain of a single length (C10) (sample 3) can be effectively prepared, facilitating the analysis of antioxidant activities of different forms of astaxanthin (Ast-N, Ast-mE, and Ast-dE) with a fixed length of the fatty acid chain.

![Chemical transformation of Ast-E in natural extract from *H. pluvialis* into Ast-N and Ast-E with decanoic acid (Ast-mE and Ast-dE). R~1~ is the carbon chain of different lengths, which is known to range from 12 to 24, and R~2~ is derived from decanoic acid (C10).](ao0c02479_0001){#fig1}

2.2. Characterization of Samples Containing Three Forms of Astaxanthin {#sec2.2}
----------------------------------------------------------------------

The prepared samples (samples 1--3) containing three forms of astaxanthin (Ast-N, Ast-mE, and Ast-dE, respectively) at different ratios were characterized by HPLC. First, the analytical standard of Ast-N was analyzed by HPLC; as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A, the retention time was centered at 3.963 min. Similarly, the chromatogram of sample 1 was obtained. As shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B, major peaks for sample 1 appeared at 11.477, 13.627, 16.543, 20.450, and 21.373 min. Our chromatographic profile of sample 1 that contains Ast-E with different fatty acids is almost the same with the one in the previous reports that studied astaxanthin extracted from *H. pluvialis*.^[@ref8],[@ref26]^ Based on the previous reports, we assigned the position of Ast-mE and Ast-dE in our HPLC results. Because *H. pluvialis* contains Ast-E bound to fatty acids of different lengths, the first three peaks (between 10 and 18 min) and next peaks (between 20 and 24 min) were predicted to be Ast-mE and Ast-dE, respectively ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}B). We also confirmed that the retention time of astaxanthin-N in sample 2 was centered at 3.943 min after the transesterification reaction ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}C), which agrees well with the results for analytical-grade synthetic Ast-N ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}A). These results clearly demonstrate that fatty acids of different lengths were removed from Ast-E. Finally, the chromatogram of sample 3 after the esterification reaction with decanoic acid was obtained. The results in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}D show that the major peaks for sample 3 were centered at 3.787, 6.863, and 14.973 min. The first peak (3.787 min) corresponds to Ast-N, and the last two correspond to Ast-mE; of the last two, the first matches Ast-mE linked to decanoic acid, and the second matches Ast-mE linked to longer fatty acids. It is known that *H. pluvialis* contains Ast-E with fatty acids longer than C18.^[@ref8]^ Because these fatty acids are longer than decanoic acids (C10), we assumed that the monoester form with decanoic acid appears first (6.863 min), followed by monoester with longer fatty acids (14.973 min). In addition, the last peak that appeared around 20 min was assigned to diesters with two fatty acids because of the increased molecular weight and hydrophobicity. These results were supported by not only HPLC analysis of pure (synthetic) Ast-N, Ast-mE, and Ast-dE ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf)) but also LC--MS analyses of samples 2 and 3 ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf)). Notably, Ast-E with fatty acids longer than C18 can be also produced during the esterification reaction (step 2, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) because *H. pluvialis* originally has some fatty acids. The relative amounts of all forms of astaxanthin (Ast-N, Ast-mE, and Ast-dE) in the three samples (1, 2, and 3) were determined by measuring the area under the peak ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As indicated in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, the content of Ast-mE in sample 3 was higher than that of Ast-dE, suggesting that the composition of sample 3 differs from that of sample 1 in which Ast-dE was more abundant than Ast-mE. Overall, we successfully synthesized three forms of astaxanthin by chemical transformation.

![HPLC chromatograms of (A) analytical standard of Ast-N, (B) sample 1, (C) sample 2, and (D) sample 3.](ao0c02479_0002){#fig2}

###### Relative Percentages of Three Forms of Astaxanthin (Ast-N, Ast-mE, and Ast-dE) in Three Samples (1, 2, and 3), as Determined Based on their Area under the Peak Values ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"})

  sample   Ast-N   Ast-mE   Ast-dE
  -------- ------- -------- --------
  1        2.15%   47.5%    50.3%
  2        89.5%   5.57%    4.95%
  3        22.0%   68.1%    9.83%

2.3. In Vitro Antioxidant Activity {#sec2.3}
----------------------------------

The biological activities of the three samples were evaluated. First, in vitro antioxidant activities were investigated in a DPPH radical scavenging assay, which is regarded as the first approach for evaluating antioxidant activity due its simplicity, speed, and low cost.^[@ref31]^ In principle, the hydrogen-donating ability of antioxidants reduces the free radical DPPH^·^ (purple) to a stable DPPH (yellow), leading to decreased absorbance at 517 nm.^[@ref32]^ As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, various concentrations of each sample (samples 1--3) were tested to measure their DPPH radical scavenging activities. As an antioxidant, all three samples showed concentration-dependent radical scavenging activities. The radical scavenging activities of samples 1 and 3 were slightly higher than that of sample 2, which was determined by calculating the slope of each linear equation. Importantly, sample 3, containing a higher amount of Ast-mE than that of Ast-dE, showed a slightly higher antioxidant activity compared to that of sample 1, which had a larger amount of Ast-dE than that of Ast-mE. However, the overall difference in in vitro antioxidant activities among the three samples was not significant even though sample 3 exhibited the best radical scavenging activity.

![DPPH radical scavenging activity of each sample. (A) Sample 1, (B) sample 2, and (C) sample 3. The results are presented as the mean ± S.D. of three independent experiments.](ao0c02479_0003){#fig3}

2.4. Cell Viability {#sec2.4}
-------------------

The cytotoxicities of three samples (1--3) toward B16F10 (murine melanoma), HaCaT (human keratinocyte), and Raw 264.7 (murine macrophage) cells were then assessed in an MTT assay.^[@ref33]^ The results in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} show that samples 1 and 2 were not cytotoxic up to 15 μM toward B16F10, HaCaT, and Raw 264.7 cells, whereas sample 3 exhibited a significant decrease in cell viability below 70% at concentrations higher than 10 μM in Raw 264.7 cells, which are sensitive to environmental conditions (*p*-value \< 0.01).^[@ref34]^ Based on these results, we set the maximum concentration to evaluate the cellular activities of the astaxanthin samples. Specifically, we used 5 μM astaxanthin, which is similar to the concentrations used in previous studies.^[@ref26],[@ref35]^

![Cytotoxicity in (A) B16F10, (B) HaCaT, and (C) Raw 264.7 cells exposed to different samples. The results are presented as the mean ± S.D. of three independent experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs control group.](ao0c02479_0004){#fig4}

2.5. Cellular Antioxidant Activity {#sec2.5}
----------------------------------

We performed the well-established CAA assay, which relies on an intracellular stress-based model.^[@ref36]^ Specifically, we first induced oxidative stress in B16F10 and HaCaT cells by exposure to H~2~O~2~, which can readily penetrate the cell membrane and generate the most reactive form of oxygen, the hydroxyl radical, via the Fenton reaction.^[@ref37]^ Next, DCFH-DA, an oxidation-sensitive indicator, was added to measure ROS production in B16F10 and HaCaT cells. In principle, after entering the cells, DCFH-DA is converted to DCFH by cellular deacetylase enzymes; in the presence of ROS, nonfluorescent DCFH is oxidized to fluorescent DCF. Thus, stronger antioxidant activities lead to lower fluorescence signals produced by preventing DCFH oxidation. We calculated the CAA (%), which is inversely proportional to the fluorescence signal. As shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, among the three samples, sample 2 composed of Ast-N showed the lowest antioxidant capacity in B16F10 and HaCaT cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}A,B). Importantly, sample 3 containing more Ast-mE than Ast-dE exhibited higher antioxidant ability than the natural extract from *H. pluvialis* (sample 1), which contains more Ast-dE than Ast-mE. These results demonstrate that sample 3, particularly Ast-mE, is critical for the enhancement of cellular antioxidant activities. Interestingly, unlike the in vitro assay for antioxidant activities ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), distinct differences in antioxidant activities among the three samples were observed in the cellular antioxidant assay ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), indicating that the degree of esterification has a greater effect on cellular antioxidant activities than on in vitro antioxidant activities. Based on these results, it is assumed that Ast-mE has superior antioxidant activity due to its easy insertion into the phospholipid bilayer where the polyene chain and terminal ring of the astaxanthin scavenge radicals in cells.^[@ref5]^

![Cellular antioxidant activities of each sample (1--3) at 2.5 and 5 μM in (A) B16F10 cells and (B) HaCaT cells. The results are presented as the mean ± S.D. of three independent experiments. \**p* \< 0.05, \*\*\*\**p* \< 0.0001.](ao0c02479_0005){#fig5}

2.6. Anti-inflammatory Activity {#sec2.6}
-------------------------------

It has been reported that antioxidant and anti-inflammatory activities are closely related. In addition, astaxanthin is known as a potent antioxidant that terminates the induction of inflammation in biological systems.^[@ref5]^ To evaluate the anti-inflammatory activities of the samples containing three forms of astaxanthin at different ratios, murine macrophage Raw 264.7 cells were stimulated by LPS to produce and release a wide variety of immunologically active mediators, including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, and IL-6. These mediators induce the transcription of nitric oxide synthase, which can generate a large amount of NO and is thought to be involved in cytotoxic effects following inflammation. The resulting level of NO was determined by the Griess reaction, a spectrophotometric assay performed to measure nitrite ion levels.^[@ref38]^ Greater production of NO leads to an increased colorimetric signal, indicating less effective anti-inflammatory activities. The results in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} show the inhibition of NO production (%) by the three astaxanthin samples (1--3). In accordance with the cellular antioxidant activities, the highest anti-inflammatory activity was observed in sample 3 containing more Ast-mE than Ast-dE, supporting the important role of Ast-mE in the antioxidant and anti-inflammatory activities of astaxanthins.

![Anti-inflammatory activities of the three samples (1--3) toward LPS-stimulated Raw 264.7 macrophage cells. The results are presented as the mean ± S.D. of three independent experiments. \**p* \< 0.05, \*\*\**p* \< 0.001, \*\*\*\**p* \< 0.0001.](ao0c02479_0006){#fig6}

2.7. Gene Expression Related to Anti-inflammatory and Antioxidant Activities {#sec2.7}
----------------------------------------------------------------------------

Based on the promising results for the chemical transformation, characteristics, and biological activities of three samples, we investigated the mechanism of these improved activities for sample 3. To better understand the inhibitory effects of each sample on inflammation, the mRNA expression of proinflammatory cytokines was first investigated by qPCR in Raw 264.7 macrophages stimulated with LPS. LPS-activated macrophages produce excessive levels of proinflammatory cytokines including IL-1β, IL-6, and TNF-α and other inflammatory mediators such as NO to promote the development and progression of inflammation.^[@ref39]−[@ref41]^ As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}A--C, the gene expression levels of proinflammatory cytokines were markedly increased in LPS-stimulated Raw 264.7 macrophages compared to that in resting Raw 264.7 macrophages. In contrast, the different astaxanthin samples (1--3) substantially decreased the mRNA levels of IL-1β, IL-6, and TNF-α. Most importantly, sample 2 was the least effective sample in reducing the levels of IL-1β, IL-6, and TNF-α expression, and sample 3 more effectively reduced the levels of proinflammatory cytokines (*p* \< 0.01) as compared to sample 1. These results indicate that sample 3, which was prepared by chemical transformation, most effectively inhibited the production of proinflammatory cytokines in activated macrophages among the three samples. These results agree with those shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} for the anti-inflammatory effect of astaxanthin.

![Expression of genes related to anti-inflammatory and antioxidant activities in the presence of three samples (1--3). (A) IL-1β, (B) IL-6, (C) TNF-α, (D) NOX-2, (E) Nrf2, and (F) MnSOD. Data represent the mean ± S.D. from three separate experiments. \**p* \< 0.05, \*\**p* \< 0.01 vs control group; \#*p* \< 0.05, \#\#*p* \< 0.01 vs LPS group.](ao0c02479_0007){#fig7}

Next, the expression of genes related to antioxidant activities was analyzed. In addition to its ROS scavenging function, astaxanthin is known to decrease ROS production in LPS-stimulated macrophages by repressing the expression of NOXs, which are important enzymes that generate ROS in macrophages by donating electrons to oxygen molecules.^[@ref3],[@ref42]^ As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}D, we found that the marked induction of Nox2 expression by LPS was completely abolished by the presence of astaxanthin. Particularly, sample 3 caused the greatest reduction in the expression of Nox2 (*p* \< 0.01). Furthermore, the expression of nuclear factor E2-related factor 2 (Nrf2), which plays an important role in the endogenous antioxidant defense mechanism and prevents oxidative stress by stimulating the production of antioxidant enzymes, was increased by LPS stimulation; accordingly, the expression of its target gene (MnSOD) was also increased ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}E,F).^[@ref3],[@ref43]^ Importantly, sample 3, which was prepared by chemical transformation, was the most effective in reducing the expression of Nrf2 and MnSOD. These results agree with those shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} for the antioxidant effect of astaxanthin. Overall, the highest anti-inflammatory and antioxidant activities were observed in sample 3 containing more Ast-mE than Ast-dE.

3. Conclusions {#sec3}
==============

In this study, we prepared three samples containing different ratios of Ast-N, Ast-mE, and Ast-dE by chemical transformation. After characterizing the samples, their effects on biological activities including antioxidant and anti-inflammatory activities were evaluated. In addition, we determined how astaxanthin exerts its antioxidant and inflammatory activities through gene expression analysis. Importantly, the chemically synthesized sample 3 containing more Ast-mE than Ast-dE showed the strongest antioxidant and anti-inflammatory activities. These results are encouraging, but the conversion efficiency of astaxanthin was not 100%, particularly in the esterification reaction (step 2, [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), as shown by the HPLC results. Thus, Ast-N remained in sample 3, making it difficult to identify the best structure for the antioxidant activities. Furthermore, the effect of the fatty acid chain length must be evaluated because the biological activities of Ast-E can be changed depending on the different length of fatty acids. However, it should be noted that we can decrease the production cost by using natural extract from *H. pluvialis* instead of the synthetic chromatographically separated one, which enables practical application for its commercialization and mass production. In addition, this is the first study to investigate the effect of esterification of astaxanthin on its biological activities and demonstrate that the sample with a greater portion of Ast-mE through chemical transformation is more effective compared to the one extracted from *H. pluvialis*. This study also suggests that structural conversion via chemical transformation can be applied to Ast-N from other sources to increase antioxidant ability. Therefore, astaxanthin may be applied as a food supplement and/or functional ingredient to reduce oxidative stress. These results provide a foundation for the in-depth investigation of astaxanthin or other antioxidant molecules, allowing for the development of new antioxidant or anti-inflammatory molecules.

4. Materials and Methods {#sec4}
========================

4.1. Chemical Transformation of the Natural Extract from *H. pluvialis* {#sec4.1}
-----------------------------------------------------------------------

The oleoresin from *H. pluvialis* isolated by supercritical fluid extraction using carbon dioxide (CO~2~) was purchased from Alphy (Yunnan Alphy Biotech Co., Chuxiong, China) and stored at −20 °C to avoid thermal degradation. The one from *H. pluvialis* contains almost exclusively one isomer (3S,3′S-astaxanthin).^[@ref44]^ It was confirmed that this product contained 10% astaxanthin. The natural extract from *H. pluvialis* (sample 1 dissolved in acetone) was first converted to Ast-N by a transesterification reaction to remove the different fatty acids. Specifically, sodium hydroxide (0.0072 g, Samchun Chemical, Seoul, Korea) was added to 50 mL of methanol (Samchun Chemical) and mixed with anhydrous sodium sulfate (Samchun Chemical) to remove residual moisture. The prepared basic alcohol was filtered through a 0.2-μm syringe filter, which was then incubated with 1 g of the natural extract from *H. pluvialis* in a shaking incubator at 50 °C for 4 h. Next, Ast-N was extracted with petroleum ether (Samchun Chemical). The ether was evaporated, and the resulting Ast-N was dissolved in either dichloromethane (Samchun Chemical) or acetone (HPLC-grade, Samchun Chemical) for the esterification reaction or HPLC analysis, respectively, and named as sample 2. Finally, Ast-N in sample 2 was transformed to Ast-E by the Steglich esterification method with decanoic acid, a C10 straight-chain-saturated fatty acid (Tokyo Chemical Industry, Tokyo, Japan).^[@ref29]^ Specifically, Ast-N in dichloromethane was sequentially mixed with decanoic acid (0.12 mM), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (0.14 mM; Tokyo Chemical Industry), and 4-dimethylaminopyridine (0.11 mM; Tokyo Chemical Industry), which was then incubated at 20 °C for 2 h. After repeating this process three times, dichloromethane was evaporated. The resulting Ast-E was dissolved in acetone (sample 3) for further analysis. The purity of three samples was estimated to be 10% (sample 1), 11.3 ± 2.7% (sample 2), and 9.1 ± 2.0% (sample 3) by measuring the absorbance at 474 nm ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf)). For HPLC analysis, we dissolved each sample in acetone at the concentrations of 0.178 mM (sample 1), 1.18 mM (sample 2), and 0.77 mM (sample 3), respectively.

4.2. High-Performance Liquid Chromatography (HPLC) {#sec4.2}
--------------------------------------------------

The astaxanthin samples dissolved in acetone were quantified by measuring the absorbance at 474 nm on a NanoDrop spectrophotometer (Spectramax iD5 multimode microplate reader, Molecular Devices, Sunnyvale, CA, USA) with a calibration curve obtained using synthetic Ast-N (Sigma-Aldrich, St. Louis, MO, USA) ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf)). All samples were analyzed by HPLC conducted at 4 °C on a YL9100 system (Younglin, Gyeonggi-do, Korea) with a UV/visible detector (474 nm). The analytical column was a Waters Symmetry C18 column (4.6 × 250 mm, 5 μm, Waters, Milford, MA, USA). The mobile phase consisted of solvent A (methanol:*tert*-butyl methyl ether:1% (w/v) phosphoric acid, 81:15:4, v/v) and solvent B (methanol:*tert*-butyl methyl ether:1% (w/v) phosphoric acid, 16:80:4, v/v). To selectively separate different forms of astaxanthin, a gradient procedure was employed: 100% of A for 15 min; a linear gradient from 0 to 100% of B for 8 min; 100% of B for 4 min; and 100% of A for 8 min. The flow rate was 1.0 mL/min. *tert*-Butyl methyl ether, water, and phosphoric acid were purchased from Samchun Chemical (HPLC-grade).

4.3. In Vitro Assay for Antioxidant Activities {#sec4.3}
----------------------------------------------

To measure the in vitro antioxidant activities, we performed a DPPH radical scavenging assay.^[@ref45]^ Specifically, 20 μL of each sample (samples 1--3) was added to 180 μL of 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH; 10 mM; Sigma-Aldrich) dissolved in methanol.^[@ref46]^ After incubation at 37 °C for 30 min, the optical density (OD) was evaluated at 517 nm on a microplate reader. The results indicating DPPH radical scavenging activity (%) were expressed using the following equation = \[1 -- (OD~sample~ / OD~control~)\] × 100 (%) where OD~sample~ is the absorbance in the presence of each sample, and OD~control~ is the absorbance in the absence of each sample.^[@ref47]^

4.4. Cytotoxicity Test {#sec4.4}
----------------------

Raw 264.7 (murine macrophage) and B16F10 (murine melanoma) cells were purchased from the Korean Cell Line Bank (Seoul, Korea), and HaCaT (human keratinocyte) cells were purchased from ATCC (Manassas, VA, USA). Raw 264.7, B16F10, and HaCaT cells were first seeded into uncoated 96-well cell-culture plates at densities of 5 × 10,^4^ 1 × 10,^4^ and 0.8 × 10^4^ cells/well, respectively, and cultured in high-glucose (4.5 g/L) Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) and 1% penicillin/streptomycin (Gibco, Grand Island, NY, USA) at 37 °C and 5% CO~2~ for 24 h. The cells were then treated with each sample (samples 1--3) at various concentrations (0--20 μM) and incubated for 24 h. Next, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2*H*-tetrazolium bromide (MTT) was added to each well at a concentration of 0.5 mg/mL, followed by incubation for 4 h in the dark at 37 °C.^[@ref47]^ After adding 50 μL of 20% SDS solution to each well, the plates were incubated in the dark overnight. Finally, the OD was evaluated at 595 nm on a microplate reader. To exclude the influence of acetone, which is known to exhibit the least cytotoxicity on cell growth, the final acetone concentration in the astaxanthin samples was below 5%, which was used as the blank to calculate cell viability.^[@ref48],[@ref49]^ If viability was reduced to less than 70% of the blank, the compound was considered to have cytotoxic potential ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf)).^[@ref50]^ The statistical differences were calculated by one-way ANOVA followed by the Dunnett's test (Minitab, version 18). A two-sided *p*-value less than 0.05 was considered as statistically significant.

4.5. Cellular Antioxidant Activity Assay (CAA) {#sec4.5}
----------------------------------------------

To measure the production of ROS in B16F10 and HaCaT cells, we used the 2′,7′-dichlorofluorescein 3′6′-diacetate (2′,7′-DCFH-DA; Sigma-Aldrich), an oxidation-sensitive indicator. In the presence of ROS, DCFH is oxidized to fluorescent 2′,7′-dichlorofluorescein (DCF), the absorbance of which can be measured on a microplate reader.^[@ref51]^ All cell lines were first seeded at a density of 0.8--1 × 10^4^ cells/well in 96-well cell-culture plates. After culturing the cells in DMEM supplemented with 10% (v/v) FBS and 1% penicillin/streptomycin at 37 °C and 5% CO~2~ for 24 h, the cells were washed with 1 × PBS, and then 10 μM DCFH-DA was added to each well, followed by incubation for 1 h at 37 °C. The excess indicator in the medium was removed by washing with 1 × PBS to measure the oxidation reaction that occurs only inside the cells. Next, each sample (samples 1--3) was added to each well along with hydrogen peroxide (H~2~O~2~, at 1 mM; Sigma-Aldrich) to induce oxidative stress for 30 min.^[@ref26],[@ref52]^ Finally, the fluorescence intensities were measured on a microplate reader at excitation and emission wavelengths of 485 and 530 nm, respectively. A dose--response curve was established using the blank that had not been treated with H~2~O~2~. The ROS scavenging activity was expressed as CAA (%) using the following equation = \[(Ic -- Is) / Ic\] × 100 (%) where Is is the intensity of samples exposed to H~2~O~2~ in the presence of each sample at different concentrations, and Ic is the intensity of the control sample exposed to H~2~O~2~ in the absence of each sample. The statistical differences were calculated by one-way ANOVA, followed by the Dunnett's post hoc test.

4.6. Anti-inflammatory Assay {#sec4.6}
----------------------------

To measure the production of nitric oxide (NO) in Raw 264.7 cells, we determined the NO concentration via the Griess reaction.^[@ref53]^ Raw 264.7 macrophage cells were first seeded at a density of 5 × 10^4^ cell/well into 96-well cell-culture plates. After culturing the cells in DMEM supplemented with 10% (v/v) FBS and 1% penicillin/streptomycin at 37 °C and 5% CO~2~ for 24 h, 1 μg/mL lipopolysaccharides (LPS; Sigma-Aldrich) was added to each well except for the control. Each sample (samples 1--3) was added to each well at various concentrations. After incubation for 2 days, 100 μL of the supernatant from each well was collected and mixed with 100 μL of Griess reagent (1% sulfanilamide in 5% phosphoric acid and 0.1% naphthylethylenediamine dihydrochloride in water) in a separate 96-well plate.^[@ref54]^ After incubation at 25 °C for 15 min, the OD at 540 nm was measured on a microplate reader. NO production (%) was calculated using the following equation = (As / Ac) × 100 (%) where As is the absorbance exposed to LPS in the presence of each sample at different concentrations, and Ac is absorbance of the control exposed to LPS in the absence of each sample. For comparison of multiple group data, the statistical differences were calculated by one-way ANOVA, followed by the Dunnett's post hoc test.

4.7. mRNA Analysis {#sec4.7}
------------------

Raw 264.7 cells were first treated with each sample (samples 1--3) as described above after which their total RNAs were extracted using the NucleoSpin RNA Plus (Macherey-Nagel, Düren, Germany). Next, 150 ng of total RNA was converted to cDNA using an M-MLV cDNA synthesis kit (Enzynomics, Daejeon, Korea), and gene expression was analyzed by quantitative polymerase chain reaction (qPCR). Specifically, qPCR was performed using gene specific primers (500 nM, [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) in 1X PreMix (Enzynomics) under the following conditions: 95 °C for 10 min, followed by 35 cycles of 95 °C for 10 s, 60 °C for 15 s, and 72 °C for 30 s. Each experiment was repeated at least three times, and qPCR data were expressed as the mean ± standard deviation (S.D.). The relative quantification was calculated by the 2^--ΔΔCt^ method and normalized to the respective *Rplp0* expression. The statistical differences were calculated by one-way ANOVA followed by the Dunnett's test (Minitab, version 18).

###### Gene-Specific Primers for qPCR Experiments

  gene      forward primer (5′-3′)    reverse primer (5′-3′)
  --------- ------------------------- -----------------------------
  *Rplp0*   TGAACATGCTGAACATCT        TATAAATGCTGCCGTTGT
  *IL-1β*   GTCACAAGAAACCATGGCACAT    GCCCATCAGAGGCAAGGA
  *IL-6*    CTGCAAGAGACTTCCATCCAGTT   AGGGAAGGCCGTGGTTGT
  *TNF-α*   GGCTGCCCCGACTACGT         ACTTTCTCCTGGTATGAGATAGCAAAT
  *Nox2*    CTACCTAAGATAGCAGTTGA      CTAACATCACCACCTCATA
  *Nrf2*    GGCCCAGCATATCCAGACA       TGTGGGCAACCTGGGAGTAG
  *MnSOD*   GTGACTTTGGGTCTTTTGA       GCTAACATTCTCCCAGTT

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c02479](https://pubs.acs.org/doi/10.1021/acsomega.0c02479?goto=supporting-info).HPLC chromatograms of synthetic Ast-N; mixture of Ast-N, Ast-mE, and Ast-dE; and Ast-dE (Figure S1), mass spectra of Ast-N in sample 2 and Ast-N and Ast-mE in sample 3 (Figure S2), calibration curve of astaxanthin (Figure S3), and viability of Raw 264.7 cells exposed to acetone (Figure S4) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c02479/suppl_file/ao0c02479_si_001.pdf))
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Ast-N

:   nonesterified astaxanthin

Ast-E

:   esterified astaxanthin

Ast-mE

:   monoesterified astaxanthin or astaxanthin monoester

Ast-dE

:   diesterified astaxanthin or astaxanthin diester

EDCI

:   1-ethyl-3-(3-dimethylamino propyl) carbodiimide

DMAP

:   4-dimethylaminopyridine

CAA

:   cellular antioxidant assay

DCFH-DA

:   2′,7′-dichlorofluorescein 3′6′-diacetate

FBS

:   fetal bovine serum

IL

:   interleukin

LPS

:   lipopolysaccharide

NO

:   nitric oxide

OD

:   optical density

qPCR

:   quantitative polymerase chain reaction

ROS

:   reactive oxygen species

TNF

:   tumor necrosis factor

Nrf

:   nuclear factor E2-related factor
